Single-molecule detection can reveal time trajectories and reaction pathways of individual intermediates/ transition states in chemical reactions and biological processes, which is of fundamental importance to elucidate their intrinsic mechanisms. We present a reliable, label-free single-molecule approach that allows us to directly explore the dynamic process of basic chemical reactions at the single-event level by using stable graphene-molecule single-molecule junctions. These junctions are constructed by covalently connecting a single molecule with a 9-fluorenone center to nanogapped graphene electrodes. For the first time, real-time single-molecule electrical measurements unambiguously show reproducible large-amplitude two-level fluctuations that are highly dependent on solvent environments in a nucleophilic addition reaction of hydroxylamine to a carbonyl group. Both theoretical simulations and ensemble experiments prove that this observation originates from the reversible transition between the reactant and a new intermediate state within a time scale of a few microseconds. These investigations open up a new route that is able to be immediately applied to probe fast single-molecule physics or biophysics with high time resolution, making an important contribution to broad fields beyond reaction chemistry.
INTRODUCTION
The investigation of reaction dynamics at the single-molecule level is of crucial importance for exploring the intrinsic mechanisms of chemical reactions and biological processes. To this end, discrete optical or mechanical methods-such as fluorescence resonance energy transfer (1, 2), scanning near-field optical microscopy (SNOM) (3, 4) , fluorescence correlation spectroscopy (5-7), Raman spectroscopy (8) , scanning probe microscopy (9), optical tweezers (10) , and so onhave been developed to monitor the reaction processes of biological macromolecular systems, such as gene expression and protein/DNA folding. Because these traditional methods have the high special resolution and high sensitivity to the change of molecular configuration, the flickering fluorescent signals detected in real time can reflect the details of the dynamic reaction processes. For example, SNOM was used to detect the fluorescent signals produced in Au nanoparticlebased catalytic reactions (4) . Each fluorescent trajectory was attributed to one turnover of the catalytic reaction, which reveals the interplay of catalysis, heterogeneous reactivity, and surface structural dynamics in nanocatalysts at the single-molecule level. However, because of unavoidable complex fluorescent labeling, short-lasting time caused by fluorescent bleaching, and limited maximum temporal resolution of milliseconds, there are still formidable challenges, which hamper the application of optical methods to the investigation of single-molecule reaction dynamics, in particular for small-molecule chemical reactions. In this regard, developing novel effective methods with label-free capabilities and time resolutions high enough to study fast single-molecule dynamics would be invaluable.
As a promising alternative, electrical methods, which are based on the correlation between the conductive characteristics and the molecular information, can overcome the previously mentioned challenges (11, 12) . In comparison with optical methods, electrical measurements can realize direct, ultrasensitive current detection for extended periods, which allows continuous monitoring of single reaction events with high accuracy, as demonstrated by single-molecule biosensors formed through point functionalization of single-walled carbon nanotubes (13) (14) (15) (16) or silicon nanowires (17, 18) . These approaches to build up electrical circuits for biological detection imply the prospect of electrical measurements in single-molecule reaction dynamics investigation. Among single-molecule electrical methods, single-molecule electronics (19) , which have started to move from simple descriptions of charge transport and branch out in interdisciplinary directions, are potentially attractive because these devices can be naturally extended to perform electrical detection with single-molecule/single-event sensitivity. Previous reports have proved that through molecular engineering, various single-molecule devices with desired functions can be created, such as diodes (20, 21) , memory (22) , transistors (23) , and switches (24, 25) . Here, we exemplify a universal strategy based on a reliable platform of graphene-molecule-graphene single-molecule junctions (GMG-SMJs) (26) to carry out single-molecule reaction analysis. In combination with the theoretical calculation, we found a new intermediate in a nucleophilic addition reaction, which showed the reversible transition to its reactant with strong solvent dependence, thus leading to distinct two-level current oscillations in in situ electrical measurements. In comparison with another method based on different molecular junctions (27) , the key to our success in realizing fast single-molecule reaction dynamics is the strong stability of GMG-SMJs, which are covalently constructed through robust chemical amide linkages between molecules and electrodes (24, 28) .
RESULTS AND DISCUSSION
Device fabrication and electrical characterization High-quality single-layer graphene was synthesized via a low-pressure chemical vapor deposition process on copper foils. After the graphene was transferred to pretreated SiO 2 /Si wafers, Au electrodes were subsequently patterned by using photolithography through thermal evaporation. Nanogapped graphene point contact arrays with carboxylic acid groups on each side were fabricated by a dash-line lithographic method (figs. S1 and S2). GMG-SMJs were then constructed by covalently connecting functional molecules terminated by amino groups with graphene electrodes through the formation of amide linkages (26) . Note that these GMG-SMJ devices are stable and can endure chemical treatments and external stimuli, thus providing a reliable platform for single-molecule chemical or biological detection in solution. We chose a nucleophilic addition reaction to carbonyl groups as a representative because it is one of the most important elementary reactions in chemical systems. To study the dynamic process of such a reaction, we designed and synthesized a molecular wire with 9-fluorenone as the functional center and terminated with amino groups on both sides (Fig. 1A) . The nucleophilic addition reaction is expected to take place between the carbonyl group on the molecule and NH 2 OH in solution. More specifically, with base catalysis, the carbonyl group first reacts with NH 2 OH to form an intermediate, and then the loss of an H 2 O molecule produces an oxime as the product. The device structure is shown in Fig. 1A . More details of molecular synthesis and device fabrication can be found in Materials and Methods (see also the Supplementary Materials).
To confirm the formation of GMG-SMJs, we studied the currentvoltage relation (I-V) curves of the devices as shown in Fig. 1B . It can be observed that the current dropped to zero after precise etching by oxygen plasma (black) and recovered to some extent after molecular assembly (red), indicating a successful single-molecule connection. Under optimized conditions, the connection yield was found to bẽ 20%, that is,~30 of 169 devices on the same silicon chip showed increased conductance. 
Real-time electrical measurement
To study the reaction dynamics between carbonyl groups on GMGSMJs and NH 2 OH in solution, we used a home-made microchannel to confine the solution in a small channel area on the top of the GMGSMJs (Fig. 1C) . As the whole GMG-SMJ device was surrounded by the solution containing NH 2 OH and a base catalyst, the reaction between the carbonyl group in the central part of the junction and NH 2 OH in the outside solution took place. With a small bias of 300 mV applied between source and drain electrodes, real- 
Theoretical simulation
To understand the reactive events associated with the two current states, we performed computational studies on the nucleophilic addition of the 9-fluorenone functional center by NH 2 OH. Reaction energy profiles (Fig. 2C) show that the reaction proceeds through the nucleophilic addition of NH 2 According to the transition state theory, the reaction rate constant (k) can be calculated from these reaction energy barriers from the following equation
where DG* is the reaction energy barrier, R is the gas constant, T is the reaction temperature, k B is the Boltzmann constant, h is the Plank constant, and k is the pre-exponential factor, which approximates to 1 for single-molecule reactions. From calculated reaction rates (Table 1) , it was found that the reversible reaction between RS and IS happens at a time scale of a few microseconds. In contrast, thousands of hours would be required for the reverse reaction, from PS to IS, to occur. Therefore, it is reasonable to conclude that the observed high-and low-conductance states with dwell times of a few microseconds should be assigned to the reversible reaction between the RS and IS in the GMG-SMJ devices. To further prove this hypothesis, liquid chromatography-mass spectrometry (LC-MS) analyses of the 9-fluorenone monomer reaction under the same conditions were carried out. As shown in fig. S8 , a characteristic MS peak for the IS was successfully detected, demonstrating the presence of a stable IS in the reaction.
To attribute the high-and low-conductance states to the corresponding RS and IS, we investigated the conductance properties of the device with the RS and IS using theoretical calculations (see Materials and Methods and "Computational analyses" in the Supplementary Materials). Transmission spectra for GMG-SMJs in different states are shown in Fig. 2D (black and red curves for the RS and IS, respectively). It can be observed that for the RS, the energy gap between the perturbed highest occupied molecular orbital (p-HOMO) and lowest unoccupied molecular orbital (p-LUMO) is smaller than the gap for the IS. The p-HOMO and p-LUMO of the RS are closer to the graphene Fermi level than those of the IS. At low bias voltages, the conductance contribution from p-HOMO is dominant, as reflected by transmission spectra according to the Landauer formula (19) . In Fig. 2D , the conductance for the RS near the Fermi level is higher than that for the IS. In addition to this, the molecularly projected self-consistent Hamiltonians (MPSHs) show more delocalized p-HOMOs in the RS than that in the IS ( fig.  S7 ), thus providing a better conductive channel for the RS. Collectively, these results consistently prove that the high-conductance state of GMG-SMJ devices in the experimental I-V plots should be attributed to the RS, whereas the low-conductance state corresponds to the IS.
Solvent-dependent measurement
As mentioned above, different solvents (EtOH and water) affect the energy barriers of the reversible reaction between RS and IS (Fig. 2C) . To investigate such a solvent effect, the reversible reaction on GMGSMJs was monitored in solutions with a series of ratios of EtOH and water. Consistently, signal fluctuations between two states were observed GMG-SMJs in all solutions. From both I-t curves and corresponding histograms of each state (Fig. 3) , we found that, with increasing the ratio of water from 0 to 100%, the proportion of the low state grew markedly, whereas the proportion of the high state decreased gradually at the same time. This indicates that the low state, which corresponds to the intermediate, forms at higher proportions, and the reactant tends to convert into the intermediate in the water solution. We believe that this phenomenon is related to the solvent polarity. When the reactant converts into the intermediate, the dipole moment of the reaction center increases. This leads to the enhancement of the intermediate and solvent's interaction, which favors the intermediate to stabilize. To prove this, we performed further experiments by adding cyclohexane into EtOH to decrease the solvent polarity ( fig. S10 ). With increasing cyclohexane, the proportion of the high state increased gradually, whereas the proportion of the low state decreased gradually at the same time. This indicates that the high state, which corresponds to the reactant, forms at higher proportion, and the polar intermediate tends to convert into the reactant in the cyclohexane/EtOH solution.
Statistical analyses
By using a QUB software, the idealized fitting of I-t curves with two plain states (Fig. 4A) can be derived from a segmental k-means method based on hidden Markov model analysis (30) . Meanwhile, the time intervals of the high-and low-conductance states (T high or T low ) can also be obtained from the idealized fitting. Plots of the dwell times of each state obtained by frequency analysis for a typical signal in the reactive solution (V water = 60%) were shown in Fig. 4 (B and C) . These plots can be fitted by a single-exponential function, the parameter of which in the exponential part corresponds to the average lifetimes (t high or t low ) of the corresponding states. On the basis of this analysis, the average lifetimes of the high-and low-conductance states in solutions with different water contents can be obtained ( fig. S9 and Table 1 ). With the increase of water concentration from 0 to 100%, t high (the lifetime of the RS), decreases significantly from~557 to~86 ms (Fig. 4D) . This corresponds to the reduced energy barrier from~12.2 to~10.5 kcal/mol for the forward reaction from the reactant to the intermediate (Fig. 2C) barrier for the backward reaction (from the intermediate to the reactant) only has a slight change from~11.1 to~10.8 kcal/mol. The little mismatch between the energy barriers and the reaction rates might be due to the less degree of freedom of the carbonyl group in the junction. Because the molecule with the functional center was covalently bonded to the graphene electrodes on the silicon wafer, the carbonyl group could only make contact with NH 2 OH at a certain angle, thus reducing the possibility of the reaction. In the theoretical calculation, the free 9-fluorenone was used as the active center, which facilitates the reaction easier. This also leads to the fact that the obtained lifetimes from the fitting data are also a little bit slower than those obtained from the theoretical calculation results (Table 1 ).
In addition, biphenyl groups are used as the spacers on both sides of the 9-fluorenone center for adjusting the molecular size and anchoring the molecule to the electrode, which may also reduce the reactivity of the carbonyl group. Despite all these, both theoretical simulations and experimental results consistently demonstrated a strong solvent-dependent carbonyl addition reaction proceeding in a time scale of microseconds.
CONCLUSION
This work demonstrates how applying the unique platform of GMGSMJs can reveal the dynamical process of many basic chemical reactions Fig. 3 . Solvent-dependent measurements. I-t curves, corresponding enlarged I-t curves marked in orange, and corresponding histograms of a working GMG-SMJ device measured in the reaction solutions with 0% (A), 20% (B), 40% (C), 60% (D), 80% (E), and 100% (F) water in EtOH at 298 K. V D = 300 mV.
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at the single-molecule level in in situ solution environments. Both experimental results and theoretical simulations consistently show and interpret the reversible reaction process between the RS and the IS in the nucleophilic addition of NH 2 OH to a carbonyl group, leading to two distinct signal oscillations within the time scale of a few microseconds. The discovery of the intermediate is further proved by the ensemble experiment and its strong solvent dependence on the reaction rate. By taking advantage of label-free capability, high-speed data acquisition, and good device stability, this nanocircuit-based structure is able to directly study stochastic fluctuations under equilibrium conditions and to reveal time trajectories and reaction pathways of individual intermediate/transition states in nonequilibrated systems in either chemical reactions, such as S N 1/S N 2 substitution and nucleophilic/electrophilic addition, or biological processes, such as protein folding and DNA sequencing. Therefore, this method, in combination with molecular engineering, offers infinite opportunities to understand molecular mechanisms at the molecular level for a wide variety of chemical and biochemical applications.
MATERIALS AND METHODS

Molecular synthesis
The details of molecular synthesis are provided in the Supplementary Materials.
Device fabrication and molecular connection
As shown in fig. S1 , graphene-based field-effect transistor (FET) arrays were fabricated via a previous method (31) . High-quality monolayer graphene was grown on copper films via a low-pressure chemical vapor deposition process. Polymethyl methacrylate (495 PMMA A6, MicroChem) was spin-coated on the copper film as a supporting layer, and a FeCl 3 solution (0.5 M) was used to etch away the copper. After etching, monolayer graphene was transferred to precleaned silicon substrates. Through three steps of photolithography, two steps of thermal evaporation, and one step of oxygen plasma etching, graphene microribbons were obtained, and patterned metallic electrodes (8 nm Cr/60 nm Au) separated by 8 mm were formed on the substrate. To prevent any direct contact and leakage between the solution and metal electrodes during electrical measurements, a 50-nm-thick silicon oxide layer was deposited by electron beam thermal evaporation after thermal deposition of metallic electrodes. Next, polymethyl methacrylate (950 PMMA A5, MicroChem) was spin-coated on the devices as the mask, and high-resolution electron beam lithography was used to open a window precursor by a DesignCAD file with a 5-nm-wide dashed line. Finally, through the open window, precise oxygen plasma etching was applied to form carboxylic acidfunctionalized graphene point contact arrays ( fig. S2 ). For molecular connection, the resulted devices were immersed in a pyridine solution containing 0.2 mM fluorenone molecules and 6 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, a well-known carbodiimide dehydrating/activating agent. After reaction for 36 hours, the devices were taken out from solution, washed with abundant acetone and deionized water, and dried with a N 2 gas stream.
Electrical characterization
Device characterizations were carried out by using an Agilent 4155C semiconductor characterization system and a Karl Suss (PM5) manual probe station. A locked-in amplifier (HF2LI, Zurich Instruments Ltd.) with a low-noise current preamplifier (SR570, Stanford Research Systems) was used to monitor the junction conductance at a small bias voltage of 300 mV and a sample rate of 57.6 kSa/s in real time. During real-time measurements, the molecular conductance fluctuated owing to the rearrangement of molecule orbitals corresponding to the chemical reaction processes. 
LC-MS characterization
An EtOH/water solution (V EtOH /V H2O = 1:1) that contains 9-fluorenone (10 mM), NaOH (10 mM), and NH 2 OH (10 mM) was used as the sample solution. LC-MS analyses were carried out on a high-performance liquid chromatography (Agilent 1200) system coupled to a quadrupole time-of-flight mass spectrometer (Agilent 6510) equipped with an electrospray ionization (ESI) source by using an Agilent Zorbax Eclipse Plus C18 reversed-phase column (150 mm × 2.1 mm, 5 mm). Analytes were eluted with a 100% methanol mobile phase with a flow rate of 0.25 ml/min. During the analyses, the ESI parameters were set as follows: source temperature, 350°C; drying gas, 6 liters/min; nebulizer, 241.325 kPa; capillary voltage, 2 kV for negative mode; fragmentor, 175 V; tandem mass spectrometry precursor ion mass/charge ratio, 210.055; and collision energy, 5 V.
Theoretical calculation
The geometries and energies (9-fluorenone as the reactant) of the intermediates and transition structures were obtained using the M06-2X (32) method and triple z basis set 6-311+G(d,p) combined with SMD water or EtOH solvation (33), except TS-2, where the geometry was optimized in the gas phase, whereas the energy was calculated using the SMD solvation model. Frequency calculations were also performed at the optimization level to verify that the intermediates have no imaginary frequency, whereas the transition structures have only one imaginary frequency. All calculations were performed with Gaussian 09 software (34) . The reported Gibbs free energies were calculated at 298 K and 1 M. Corrections were made by adding RTln(c 0s /c 0g ) (that is, about 1.89 kcal/mol) to the energies of all structures, where c 0s is the standard molar concentration in aqueous solution (1 M), c 0g is the standard molar concentration in gas phase (0.0446 M), and R is the gas constant. The calculated reaction rates from reaction energy barriers (Fig. 2C ) are shown in Table 1 , which are consistent with our experimental results.
For the calculation of transmission spectra, the geometry optimization of both molecules and molecular devices was conducted by the semiempirical method AM1 (35) , which is implemented in the Gaussian package. The molecular orbitals were then calculated using the hybrid functional B3LYP (36) with a basis set of 6-31+G* (37) . Transmission spectra of molecular junctions were investigated using the Atomistix toolkit package (38, 39) . We chose the local density approximation with a single z basis set, a mesh cutoff of 150 Ry, and a vacuum space of 15 Å following our previous studies (24, 37) . The MPSH spectra of the reactant and the intermediate near the graphene Fermi level are shown in fig. S7 , in which the HOMO of the RS is more delocalized, providing a better conductive channel.
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